Thermofluid analysis of an arc flow and the evaluation of the cathode lifetime have been conducted by a computational simulation for the performance improvement of arc-electrodes systems. The effects of arc current, electrode gap, inlet gas flow rate and cathode vertex angle on the temperature and velocity fields of an arc flow are clarified by parametric computations to optimize the operating conditions and torch geometry. The temperature field by an arc flow model shows the quantitative agreement with the available experimental data in the local thermodynamic equilibrium (LTE) region. The cathode lifetime is evaluated successfully by coupling with the computated thermofluid field of an arc flow. The effects of different operating conditions on the cathode lifetime are also discussed for longer lifetime of the arc-electrodes systems.
Introduction
Thermal plasma flow can be regarded as a multi-functional fluid, since it has high energy flux, chemical reactivity, various gases selectivity and electromagnetic controllability. 1) Since the stable and controlled heating can be performed by an arc, it has been extensively utilized as a heat source for welding, cutting and furthermore in the waste treatment.
2) However, the arc processing needs relatively higher cost compared with the conventional treatment by combustion, since the arc can be produced only by large electric power and also the expensive electrodes and reactor are easily consumed for short running time.
3) For this reason, the optimization of the operating conditions and torch design for the improvement of cost performance and for the extension of cathode lifetime has been expected eagerly in the industrial world. Nevertheless, it is experimentally difficult to clarify the physical phenomenon in detail and to optimize the operating conditions of an arc-electrodes system, since the thermofluid field of an arc is very complex in the extreme conditions. Therefore, the numerical modeling is expected to be one of the effective approach to solve this problem. [4] [5] [6] [7] In the present study the thermofluid analysis of free burning arc and tungsten cathode life evaluation 8, 9) are conducted to provide the optimum operating conditions of an arc for the high energy efficiency and for a long life of electrode. In the thermofluid analysis, the electric field is solved in the total region including an arc flow zone and both cathode and anode regions by giving heat flux condition between arc and electrodes without assuming the distributions of temperature and electric current on the electrode surfaces.
10) The effects of arc current, inlet flow rate, electrode gap and cathode vertex angle on the thermofluid characteristics are clarified by computational simulation. Next, the numerical model is adopted in the evaluation of tungsten electrode life, considering the thorium diffusion inside the cathode and also thorium adsorption and desorption at the cathode tip. The time evolution of cathode surface temperature with the cathode vertex angle and applied arc current is evaluated by coupling with the cathode temperature distribution and electric current distribution previously obtained in the arc analysis. Figure 1 shows a schematic illustration of a free burning arc-electrodes system and the coordinate system. In order to derive the governing equations, the following assumptions are introduced. [4] [5] [6] [7] (1) The argon arc is regarded as an ideal gas and a continuous fluid. It is optically thin in Local Thermodynamic Equilibrium (LTE) state. (2) The thermofluid field is laminar, steady and axisymmetrical two-dimensional (2D). The radiation loss Ra from arc is given by the multipleterms approximation as a function of plasma temperature from the experimental data for argon. 2) inside the electrode ... (5) Heat flux between arc and cathode, anode are respectively given by neglecting space charge effects 13, 14) in the very thin sheath and both electrodes evaporation for simplicity 15) ........ (6) ... (7) where the emission current density j e is given by the Richardson-Dushman equation (8) ion current j i is given as follows:
11)
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where emission constant Aϭ1.2ϫ10
, work function f W ϭ3.0 eV, 16) f Cu ϭ4.5 eV 13) and ionization potential of argon V Ar ϭ15.8 eV. 
Boundary Conditions
In the previous almost studies, temperature distribution on the electrode surface and the current density at the cathode spot are given in assumptions. [4] [5] [6] [7] [8] [9] In the present study, the temperature and electric potential conditions are given only at the cooled surfaces of anode and cathode, represented as lines CЈDЈ, FA, in Fig. 1 without assuming the current density and temperature at the electrodes surface, represented as lines CD, FG, GB 11) and neglecting sheath boundary conditions for the reduction in computation time. 15, 17) Because calculated arc temperature and cathode surface temperature are relatively insensitive to those detailed properties of the sheath. 17, 18) axis AB : Table 1 shows the discharge configuration and operating conditions referring to Gas Tungsten Arc (GTA) plasma facility. 19) A cylindrical thoriated tungsten cathode (Wϩ 2wt%Th) and a plate copper anode are investigated for lifetime evaluation in the present study. The roots of both electrodes are cooled fixedly at 300 K. The thermofluid field is solved by Semi-Implicit-Method for Pressure Linked Equation (SIMPLE) 20) method using Tri Diagonal-Matrix Algorithm (TDMA). The electromagnetic field is solved by Gauss-Seidel method. Here, the grid has 75ϫ102 meshes in the axial and radial directions, respectively. The thermodynamic and transport properties of argon 21, 22) and tungsten and copper 23) are given as a function of temperature. Figure 2 shows a schematic illustration of a cylindrical thoriated tungsten cathode (Wϩ2wt%Th) and the coordinate system. Since radial diffusion plays a minor role and usually LϾ Ͼr, we use a simple one-dimensional (1D) model of the cathode, in which the spot entirely covers the hot side of cathode. It is important to clarify the thorium atom behavior in the cathode and that at the surface for the cathode lifetime evaluation. 24, 25) Here the cathode lifetime is evaluated by coupling with plasma thermofluid characteristics as calculated previously. In order to derive the governing equations, the following assumptions are introduced.
Numerical Conditions and Procedures
Cathode Lifetime Evaluation
Governing Equations
(1) The analysis is one-dimensional (1D) in the z axis for a cylindrical cathode with conical tip.
(2) There are constant emission current density and zero thorium concentration at the cathode spot of zϭ0.
(3) The thorium concentration gradient is always equal to zero in the constant cooling root of the cathode.
(4) The cathode length and cooling temperature are fixed but the tip vertex angle is variable.
(5) The cathode lifetime can be defined until when the surface temperature attains at the melting temperature.
To evaluate the cathode lifetime, the governing equation for thorium atom behavior 16) are presented as follows: The diffusion in the cathode bulk is described by the 9)
The degree of coverage of thorium is governed by the balance equation where the experimental dependence of the effective work function with fractional coverage can be described by the simple expression. (21) where specific heat, thermal conductivity and electrical conductivity are as a function of temperature. Now z component of current density j z (z) is given from energy equation of arc in Eq. (5).
Initial Conditions and Boundary Conditions
The initial conditions for Eqs. (15) and (21) are given by
Here T (z, t 0 ) is given from arc analysis. On the other hand, the boundary conditions for Eqs. (15) and (21) are given by Here T s (t) is obtained from Eq. (19) .
Each governing equation are descretized by the control volume method. The number of grids is 101 and time step is 0.01 s. Figures 3(a) and 3(b) show the effect of arc current on the plasma temperatures with the available experimental data.
Numerical Results and Discussion
19) The reference condition is arc current 150 A, electrode gap 5 mm, cathode vertex angle 60°and inlet flow rate 15 l/min for parametric comparisons later. There is maximum temperature near cathode tip with large electric current and also showing bell configuration with impinging jet. When the arc current increases from 50 to 150 A, the maximum temperature near the cathode tip increases more than 16 000 K and high temperature region elongates toward the anode due to the active Joule heating. Furthermore, it spreads along the anode surface due to the accelerated impinging velocity by the stronger pinch effect.
There is a good quantitative agreement with the experimental data in a whole region under the LTE condition. However, there is some discrepancy near the cathode tip at 150 A and near the arc fringe at 50 A respectively. This thermal nonequilibrium effect comes from the much inflowing of colder gas into arc core at 150 A and also insufficient collision between electrons and heavy particles near the fringe at 50 A. 19 ) Figures 4(a) and 4(b) show the effect of arc current on the axial velocities. When the arc current increases from 50 
to 150 A, the maximum velocity near cathode tip increases considerably from 27 to 138 m/s. This results from the acceleration of axial velocity by increasing in the radial and axial Lorenz forces at 150 A. Therefore, the arc spreads along the anode surface with stronger impinging velocity.
Figures 5(a) and 5(b) show the effect of arc current on the electric current density. It is clearly shown that the electric current attains maximum near the cathode tip due to the steep gradient of electric potential at 150 A. Figure 6 shows the plasma temperature at the electrode gap of 10 mm. When the electrode gap increases, the whole plasma temperature decreases compared with that as shown in Fig. 3(a) due to the large heat loss in the radial direction from larger arc surface. Figure 7 shows the plasma temperature for inlet flow rate of 30 l/min. There is little variation of whole temperature field in the free burning area in the present study, but showing a relative elongation toward the anode compared with that as shown in Fig. 3(a) . Figures 8(a) and 8(b) show the plasma temperatures for cathode vertex angles of 45°and 90°respectively. The high temperature region up to 18 000 K is observed in the core region near cathode tip of 45°due to the active Joule heating production induced by the electric current concentrations. On the other hand, the high temperature region at 90°b ecomes considerably smaller near cathode tip and along the anode compared with that at 60°as shown in Fig. 3(a) , without electric current concentration so much. companied by melting errosion, which means the lifetime of electrode. Figure 10 shows the effects of the arc current and cathode vertex angle on the cathode lifetime. Corresponding to Fig. 9 , cathode tip temperature shows nearly constant for a while and then rapidly increases to the melting point. When the arc current changes form 50 to 150 A, the lifetime of electrode becomes less than 50 %.
The lifetime for 45°tip vertex is the shortest, but that for 60°tip vertex is the longest. Since the work function increases relatively due to the increase in the desorption of thorium induced by electric current concentration, the tip temperature increases drastically at 45°following Eq. (8) . When the tip vertex angles change from 60 to 90°, however, the lifetime decreases a little. These result from that the thorium can not be sufficiently diffused toward the cathode tip due to the decrease in the Joule heating inside the cathode, although there is decrease in the adsorption of thorium from cathode tip induced by decrease in the electric current.
Concluding Remarks
The thermofluid analysis of a free burning arc is conducted considering the arc-electrodes interactions without empirical assumptions. Subsequently, the cathode lifetime is evaluated by coupling with arc analysis for optimization. The results obtained by computational simulation are as follows:
(1) The arc current, which is an important parameter for plasma temperature and velocity fields, increases the maximum temperature near the cathode tip due to the active Joule heating and increases the axial velocity due to the strong pinch effect.
(2) The highest temperature region is observed at the cathode tip vertex angle of 45°due to the strong electric current concentration. 
